This paper employs a semi-parametric varying coefficient system approach to investigating the impact of environmental policy stringency on a nation's productivity growth using data for a panel of OECD countries over a period of two decades. A new cross-country proxy of environmental policy stringency is employed. Our results show that while stricter environmental policies might shift a country's total cost in production upward, for countries which have already adopted relatively more stringent environmental policies, further increasing their policy stringency seems to enhance these countries' productivity in the long run. We also find that more stringent environmental policies seem to render a country's use of intermediate inputs more inelastic to their own prices and decrease the substitutability between labour and intermediate inputs in the long run. We argue that more stringent environmental policies would exert tighter control over the use of several intermediate inputs such as energy, raw materials, pollution-intensive services etc, leading to the use of these inputs being less sensitive to changes in their market prices. Tighter control over the use of these intermediate inputs would also render them less of a substitute to labour input. JEL classification: C14, D24, Q58
Introduction
No longer a distant concern, climate change and environmental problems have become an urgent challenge facing the human societies on the planet. According to the United Nations climate change report in 2019 (UNFCCC, 2019) , the global aggregate greenhouse gas emissions increased by 46.7% between 1990 and 2016, and the global mean temperature in 2018 is about 1°C above the pre-industrial baseline. Countries around the world have observed climate related hazards including extreme weather such as hurricanes, storms, heatwaves, and wild fires, as well as slow onset impacts such as sea level rise, soil degradation, and coral bleaching. A range of vulnerable sectors, particularly water, agriculture, ecosystems, health and forestry, are all endangered (UNFCCC, 2019) . It is now well accepted by most that no action is not an option, and governments around the world have responded via co-corporations such as the Kyoto Protocol in force in 2005 and the Paris Agreement adopted in 2015. Some OECD countries have already implemented a wide spectrum of environmental policies, including market instruments such as price and tax mechanisms and non-market instruments via enforcement of environmental standards and regulations.
However, the main argument against more stringent environmental policies has been concerns of their possible impediment to the economy. For example, as the world's largest economy and its second biggest polluter, United States withdrew from the Paris Agreement in 2017, with its president Trump twitting that "The Paris accord will undermine (the U.S.) economy," and "puts (the US) at a permanent disadvantage." While Obama's environmental agenda prioritised the reduction of carbon emissions through the use of clean renewable energy, the Trump administration has sought to increase fossil fuel use and to abolish environmental regulations, which President Trump referred to as an impediment to the US.
In 2018, the Trump administration revealed its own Affordable Clean Energy proposal to replace Obama's Clean Power Plan. All these recent environmental policy moves are made with the notion that more stringent environmental policies harm productivity growth.
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The relationship between environmental protection policies and productivity growth has been a contentious issue and the subject of debates. Economists consider environmental damage as a production input or a negative output, which results in negative externality if it is not priced. The conventional view suggests that a full internalisation of the negative externalities of production would shift the marginal cost function upward. Thus environmental regulations would reduce productivity growth because measured inputs such as capital, labour, and intermediate inputs such as energy are diverted to the production of an additional output -environmental quality -that is not included in conventional measures of output and hence would reduce measured productivity (Repetto, 1990; Solow, 1993) . In contrast, the more recent evolutionary view, originated from Porter (1991) and Porter and Van Der Linde (1995) , suggests that more stringent environmental policies may have a positive effect on productivity growth by intensifying international competitiveness and stimulating innovations, the so-called Porter Hypothesis. More recently, Karydas and Zhang (2019) have showed that environmental tax reforms can exert the innovation growth dividend by economising on the use of environment-related factors in a dynamic general equilibrium model. The typical argument is that a cleaner environment in the long run will increase the quality of various production inputs, such as better health of the workforce, and better quality of water or air. Environmental regulations may also act as possible stimulus for the production of compliance capital goods. Additionally, imposing more stringent environmental regulations may also prompts industries to actively seek for and purge possible inefficiencies from their production processes. All of these in the long run would result in the increase in productivity.
Empirical evidence on the impact of more stringent environmental policies is mixed and conuntry-and context-specific. One major difficulty in this literature is the appropriate measure of environmental stringency to allow for appropriate international comparisons.
Recently, using a standard neoclassical cost function approach, van Soest et al. (2006) proposes an indirect measure through the difference between a polluting input's shadow 2 price and its purchase price; however, this paper had no intention to examine how economic activity is influenced by compliance costs. Modelling and estimating the impact of environmental policy stringency (EPS) on production is a challenging task as different environmental policy instruments may affect the production in complex ways via production processes, resource reallocation, capital investment, labour intensity and innovation incentives (Albrizio et al., 2017) . A more recent study, due to Albrizio et al. (2017) , makes use of a new composite index of EPS developed by the OECD (Botta and Kozluk, 2014) , to study the impact of environmental policy on multi-factor productivity (MFP) growth. This EPS index is designed as a country-specific and internationally comparable measure based on quantitative and qualitative information contained in a country's normative environmental instruments such as laws and regulations, primarily in the energy sector. Albrizio et al. (2017) further augmented the linear parametric neo-Schumpeterian productivity model of Bourles et al. (2013) by adding interactions between environmental policy and technological gap to allow for some degree of heterogeneity in the effects on multi-factor productivity growth to be captured. They found that a tightening of environmental policy is associated with a short-term increase in industry-level productivity growth in most technologically-advanced countries.
Our study uses a novel approach to contribute to the limited empirical literature to study the impacts of EPS on the total industry production technology of OECD countries.
In the spirit of van Soest et al. (2006) , we estimate a system model of cost function and input demand using panel data from 22 OECD countries over two decades. Our paper also employs this new cross-country proxy index of EPS as in Albrizio et al. (2017) . However, what distinguishes our paper from the existing studies is that we allow the EPS index to impact on every aspects of the production technology by allowing it to affect all model coefficients in the most flexible manner. Specifically we build upon a varying coefficient model with the heterogeneity of the EPS effects captured through a semi-parametric setting and thus allow for a much larger degree of heterogeneity. As a consequence of this approach, all key technological measures of the total industry production can be expressed as semi-parametric functions of the EPS index, including various elasticities and productivity growth measures.
The remainder of this paper proceeds as follows. Section 2 presents the methodology.
Section 3 introduces the EPS index and details about the data used for the analysis, followed by Section 4 where main results are presented and discussed. The final section concludes 2 Methodology
A Semi-parametric Varying Coefficient Translog Cost

Function with EPS Indices
Following the spirit of Hastie and Tibshirani (1993) , we specify a three-factor (capital (K), labour (L), and intermediate inputs (E) which consist of energy, materials and services) translog cost function where each coefficient is assumed to be a non-parametric function of EPS. Considering that it takes time for firms to adjust to changes in environmental policies, we let each coefficient of the translog cost function be a function of the first, the second and the third lag of EPS. Compared with the standard translog cost function where the EPS indices would be incorporated in the cost function in the same manner as if it were another input price or output quantity, the semi-parametric varying coefficient translog cost function has the advantage of allowing productivity and technical change also to be a semi-parametric function of EPS indices and thus vary with the latter. In addition, as shown in Feng et al. (2017) , the varying coefficient translog cost function nests the standard translog cost function as a special case, making the use of the former cost function more appealing.
In particular, we consider the following semi-parametric varying coefficient translog cost 4 function:
where N is the total number of countries; T is the total number of years; w v , v = L, E, is the price of the two variable inputs; z is the quantity of the quasi-fixed capital input; y is the quantity of output; t is a time trend; α i is the country-specific effect; eps is a vector of the three lags of EPS, i.e. eps it = (eps i,t−1 , eps i,t−2 , eps i,t−3 ) . Symmetry restrictions require β vh (eps it ) = β hv (eps it ) (v, h = L, E). Moreover, homogeneity of degree one in input prices implies the following constraints:
Applying Shephard's lemma to the cost function (1) yields the following cost share equations:
where x it,v is the input v s quantity for country i at time t.
The linear homogeneity constraints (2) is imposed by normalising the cost and input prices in (1) and (3) by one of the input prices (w E ):
and
Equations (4) and (5) can then be combined to form a system of two equations. Such a system is therefore a complete system (Mclaren and Zhao, 2009 ). Upon appending 6 idiosyncratic error terms, in the spirit of Bai (2009), we use an iteration scheme for estimation. Each iteration involves two steps: 1) given the eps-invariant country-specific effects (i.e. α i 's), we estimate the eps-varying coefficients for the non-dummy variables (i.e.
, and κ(eps it )) using varying coefficient kernel regression bandwidth selection and estimation techniques Racine, 2003, 2010; Li et al., 2013) ; and 2) given the estimated eps-varying coefficients, compute the eps-invariant country-specific effects. As pointed by Bai (2009) , this iteration scheme is very robust and has an excellent convergence property.
The two-equation system in the first step is subject to a number of cross-equation constraints implied by Shephard's lemma. In particular, in (4) and (5), the coefficients
and ρ L (eps it ) are common across the cost and share equations. To allow for such equality constraints, we follow Wooldridge (2010, p.188) and Cameron and Trivedi (2005, p.210 ) and re-define the regressors and coefficients given in (4) and (5) in a way such that the two-equation system in the first step can be estimated by least square. A detailed description of the estimation procedure can be found in Appendix A.
Total Factor Productivity Growth and Decomposition
Following Baltagi and Griffin (1988) and Fuss (1994) , the Total Factor Productivity Growth (TFPG) can be decomposed as:
Expression (6) suggests that productivity growth T F P G it can be decomposed into technical change T C it and scale effects SE it .
Given the estimated parameters from equations (4) and (5), the technical change and scale effects can respectively be estimated as follows:
whereẏ it = ∂ ln y it /∂t The information aggregation procedure follows a two-step approach. The instrument-specific indicators (e.g. taxes on CO 2 , SO X and NO X ) are first aggregated into mid-level indicators as to their type (e.g. environmental taxes). (4) and (5) the value of which is equal to the capital compensation collected from EU KLEMS. Table 1 outlines definitions of the variables in equations (4) and (5). Monetary values measured in different national currencies have been converted to US dollars of the year 2000.
Description of data
[Insert Table 1 near here] Table 2 presents the descriptive statistics for EPS by country. Figure 1 [Insert Table 2 near here]
[Insert Figure 1 near here] 10 Following the model and estimation method described in Section 2, our approach is operationalised using the R language. All 95% confidence intervals are obtained through a bootstrap procedure with 1000 replications. Given that all model coefficients are estimated as non-parametric functions of EPS, we do not present all of these detailed functions. Instead, we present the estimated coefficients at the mean of EPS in Table 3 . Additionally, all technological measures of interest are also estimated as semi-parametric functions of EPS and can thus be computed by individual countries and by years. We focus on presenting only key results in tables and graphs.
[Insert Table 3 near here] [Insert Figure 2 near here]
Total Factor Productivity Growth
[Insert Table 4 near here] [Insert Table 5 near here]
Given we are interested in the key question how a tougher EPS policy would affect a country's industry-level TFPG, we first look at the results for productivity growth. With the semi-parametric setting of our approach, one sensible illustration of the impact of EPS would be a plot of predicted TFPGs calculated respectively at deciles of each of the three lags of EPS, while keeping all the other two lags and remaining arguments constant. Particularly, taking eps −1 as an example, while keeping all the other two lags, i.e. eps −2 and eps −3 , and remaining variable inputs constant, e.g. prices, time, output etc., fixed at their sample means, the predicted TFPGs are calculated and plotted versus deciles of eps −1 . Figure 3 presents all the plots of the predicted TFPGs against the EPS indices lagged one, two and three periods, with shaded 95% confidence bands.
According to Figure 3 , what the model suggests is that while keeping all other factors constant, a tightening in environmental policy stringency of the previous years generally seems to boost a country's TFPG in our prediction. Particularly, while a tightening of environmental policy stringency in the last year doesn't statistically significantly increase the current year's TFPG with all the predicted TFPGs being statistically insignificantly different from zero, the predicted TFPGs follow a clear and significant increasing trend once the EPS index lagged two periods is over the level of 1.5, despite the fact that the predicted TFPGs are all below zero and initially follow a statistically insignificant decreasing trend.
As the environmental policy three years ago is getting more and more demanding, predicted
TFPGs of the current year are significantly increasing over all the range of the EPS index lagged three periods. The predicted TFPGs start to become statistically significantly positive as the EPS index lagged three periods is roughly over the level of 1.6. Hence, our results seem to suggest that for countries which have already adopted very stringent environmental policies (EPS > 1.6), the long-term effect on productivity growth is positive.
[Insert Figure 3 near here]
Elasticities
We also evaluate how the demand elasticities of labour and intermediate inputs with respect to input prices and the elasticity of cost with respect to EPS would change as EPS becomes more stringent while keeping all other arguments constant. Let eps it denote the vector of (eps i,t−1 , eps i,t−2 , eps i,t−3 ) . These elasticities of interest can be respectively expressed as follows:
1) The demand elasticity of labour (L) w.r.t own price:
2) The demand elasticity of intermediate inputs (E) w.r.t own price:
3) The demand elasticity of labour (L) w.r.t intermediate input (E) price:
4) The demand elasticity of intermediate inputs (E) w.r.t labour (L) price:
5) The elasticity of cost (C) w.r.t lags of EPS
According to Figures 4 and 6, labour demand seems to generally become less own-price elastic, as the three EPS lags increase respectively while keeping all other arguments constant.
In contrast, although intermediate input demand seems to become statistically insignificantly more own-price elastic as the first two lags of EPS increase respectively, by and large, it becomes less own-price elastic as the third lag of EPS increases, particularly when the level of EPS is roughly greater than 1.25. As for cross-price elasticities, Figure 5 suggests [Insert Figure 8 near here]
Conclusion
Over the recent two decades, OECD governments have implemented a wide spectrum of environmental policies committed to improving environmental conditions. Not only do these policies inevitably impact on environmental outcomes, but also the ongoing and increasing environmental stringency affects all aspects of production and economic performance. The strong version of the Porter Hypothesis suggests that although full internalisation of the environmental negative externalities in association with production activities shifts the marginal cost upward in the short term, more stringent environmental policies may eventually stimulate innovation, encourage international competitiveness, and increase productivity growth in the long term.
This paper has employed a new cross-country proxy measure for environmental policy stringency and estimated a semi-parametric varying coefficient system model with a translog cost function, which allows for the effects of EPS to be captured in a most flexible manner.
Our approach allows key measures of production technology, including the various elasticities, to vary semi-parametrically by EPS. It is well known in the economic growth literature that productivity growth is the most important determinant of living standards, and it is an essential attribute contributing to competitiveness (Oral et al., 1999) .
Our results show that changes in environmental stringency would seem to take at least two years to significantly impact a country's technology. It appears that while stricter environmental policies would mostly shift a country's cost in production upward, for countries which have already adopted relatively more stringent environmental policies, further increasing their policy stringency seems to enhance their productivity in the long run. We also find that higher EPS levels are associated with intermediate inputs being Appendix A
We first define the dependent variable vector and the disturbance vector. Let q it be a 2 × 1 vector representing the dependent variables associated with the (i × t)th observation with the first element being ln N ) are the country-specific dummies, and the second element being the share of labour, i.e. s it,L . Let u it = (u it,C , u it,L ) be an 2 × 1 disturbance vector, whose variance-covariance matrix is Σ it = E(u it u it |X it ). We then define regressors and coefficients equation by equation. For the normalised cost equation, let X it,C be a 1 × 15 vector representing all the non-dummy regressors in the normalised cost function (4) and B(eps it ) be the corresponding coefficients, i.e., all coefficients except country-specific effects in (4). The first equation of the two-equation system can be written as:
For the normalised labour share equation, we still use B(eps it ) as our redefined coefficient vector. The regressor vector, X it,L , is however redefined in such a way that X it,L B(eps it ) is equal to the right hand side of the normalised labour share equation. Formally, X it,L = (0, 1, 0, ln w it,L w it,E , 0, ln y it , 0 2 , t, 0 5 , ln z it ), where 0 p is a 1 × p vector of zeros. Hence, the second equation of the two-equation system can be written as:
q it,L = X it,L B(eps it ) + u it,L .
Stacking the two equations associated with the ith country at the tth year gives rise to: q it = X it B(eps it ) + u it .
(A.1)
The full system of equations consists of N T − 3N equations (where N T = N i=1 T i , with T i being the number of observations for the ith country. In particular, for balanced panel data, T i = T for any i). It can then be expressed as: B(eps 1T 1 ), ..., B(eps N 4 ) , ..., B(eps N T N ) + where the error covariance matrix Ω as in the case of the standard feasible generalised least squares (FGLS) method for SUR models (Wooldridge, 2010, p.176) , can be estimated by using a consistent system estimator which ignores the information in the variance-covariance matrix (i.e., by setting Ω = I 2(N T −3N ) ). In this case, (A.5) reduces tõ B(eps t ) = [X K(eps)X] −1 X K(eps)q.
(A.6)
Using (A.6), we can obtain the 2 × 1 vector of residuals associated with the equation for the ith country at the tth time period asũ it = q it − X itB (eps) = [ũ it,C ,ũ it,L ] . The estimate of the variance-covariance matrix is given byΣ = 1 N T −3N ũ itũ it , and hence we can construct our estimator of Σ. where 0 ≤ M (·) ≤ 1 is a weight function, g l is the lth row of q, z l is the lth row of X, eps l is the observed eps corresponding to the lth observation in X. The leave-one-out kernel estimator of the eps-varying coefficients can be given as:
B −l (eps l ) = X −l K −l (eps l ) 1/2 Ω −1 −l K −l (eps l ) 1/2 X −l −1 · X −l K −l (eps l ) 1/2 Ω −1 −l K −l (eps l ) 1/2 q −l , (A.8)
with the notation −l implying that the l th row is removed from Ω, K(eps l ), X and q.
